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ABSTRACT 
The characteristics of a  thermionic  reactor-core  concept,  aimed  at  incorporation of 
the best features of several previously proposed concepts, are studied. Optimization of 
diode dimensions resulted in a  reference  design for a 200-kW electric  core. The design, 
which employs  electrical  zoning  to  reduce  the  detrimental  effect of radial  thermal power 
variation,  was  analyzed for various  electrical  failures.  Equations  were  derived for  cal- 
culating internal  resistance  losses in  diodes  that  have  an  electrical  conductor  in  parallel 
with an  electrode. 
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PRELIMINARY STUDY OF A THERMIONIC REACTOR CORE COMPOSED 
OF SHORT-LENGTH EXTERNALLY FUELED DIODES 
by Howard G. Yacobucci 
Lewis  Research  Center 
SUMMARY 
Some of the  problems  encountered  in  the  design of in-pile  thermionic  reactor  cores 
are studied by means of a conceptual design. The design, which is preliminary  in  na- 
ture, utilizes fuel elements containing series-connected, short-length, externally fueled 
diodes. The basic  requirements  for  the  reference  design are that  it  produce 200 kilo- 
watts of electric power, be lithium cooled, and have shaped 47r shielding. 
The  detrimental  effect of core  thermal  power  variation on the  performance of series 
s t r ings of fuel  elements  was  reduced  by  grouping  the  fuel  elements  in  radial  zones of 
nearly  uniform  thermal  input  power  and  operating  each  zone at an  optimum  diode  current 
density. 
Diode  dimensions  were  optimized on a power-per-unit-cell-volume basis because of 
the  shielding  requirement. It was  determined  that  the  optimum  emitter  length is about 
2. 0 centimeters  (for  emitter  diameters  ranging  from 0. 5 to 2. 5 centimeters) and  that  the 
emitter  diameter  should be kept as small  as possible. 
An equation  was  derived  to  determine  the  combined  ohmic loss when an  electrode of 
a diode  and an  electrical  conductor are in  parallel.  The  assumptions are that  the  cur- 
rent  through  the  electrode  varies with  diode  length  while  the  cur’rent  through the parallel 
conductor is constant. 
Electrical  failure  analyses  indicate  that a limited  number of short-circuited  diodes 
results  in  negligible  penalties.  Open-circuited  diodes are a more  serious  problem  and 
require  either  reduced  normal  operating  temperatures  and  larger  reactor  sizes or re- 
duced postfailure power levels. Heat-transfer analyses indicate that a reference-design 
diode will not  experience a fuel  meltdown  in  the  event of an open circuit i f  the  emitter 
diameter is less than 1.30 centimeters. 
An area which requires more  extensive  analyses  and  high-temperature  materials 
development is the  sealing of the  cesium  space  from  the  fission-gas  vent  space. 
INTRODUCTION, 
A thermionic  diode is a static  device  that  converts  heat  energy  directly  into electri- 
cal energy.  Basically, a thermionic  diode  consists of a heated  emitter which is sepa- 
rated  from a cooled  collector  by a gap.  Some electrons  are  driven  from  the hot emitter 
surface with  sufficient  kinetic  energy  to  reach  the  collector.  From  there  they  flow  back 
to  the  emitter  through  an  external  circuit  while  doing  work  in  the  circuit.  The  electron 
density  in  the  interelectrode  gap  can  build up to  the  point  where  the  resulting  negative 
space  charge  repels  any  additional  electrons  that  try  to  escape  from  the  emitter  surface. 
If the  negative  space  charge is not neutralized,  the  flow of current  will  be  limited. Neu- 
tralization  can  be  accomplished with  the  positive  ions of an  easily  ionized alkali metal, 
The  most  common  metal  used  for  this  purpose is cesium, which is introduced  into  the 
interelectrode  gap as a vapor. 
Several  design  concepts  have  been  proposed  whereby  thermionic  diodes  are  inter- 
grated  into a nuclear  reactor  for  the  purpose of producing  electric  power  in  space. All  
these concepts use cylindrical diodes which are  either  internally or  externally fueled. In 
the  former,  the  centrally  positioned  fuel is surrounded by an  emitter, a collector,  and 
the  rest of the diode structure.  The  externally  fueled  diode is just  the  opposite;  the  fuel 
surrounds  an  emitter  and a centrally  cooled  collector. 
The  three  design  concepts  for  in-pile  thermionic  space  reactors  that are generally 
considered  to  be  the  most  promising  are  popularly  referred to as (1) the  "flashlight, ( (  
(2) the "unit-cell pancake, ? '  and (3) the "core-length externally fueled" concepts. A 
brief  description of each is given  in  the  following  paragraphs.  A  more  thorough  descrip- 
tion of the  design  concepts  and a discussion of their  advantages  and  disadvantages are 
presented  in  reference 1. 
The  flashlight  design  uses  short-length  internally  fueled  diodes  that  are  stacked  one 
upon the  other  and  series  connected  to  form a fuel  element. Many such  fuel  elements, 
cooled by liquid  metal  flowing  axially  over  the  outer  surfaces,  make up the  reactor  core. 
In the  unit-cell  pancake  approach, a number of internally  fueled  diodes are individ- 
ually  supported  from a planar  structure. Many slabs,  or  pancakes, of diodes are   assem- 
bled  to  form  the  reactor  core. With this  type of design  the  slabs  can be oriented  in any 
direction,  thus  permitting  either axial or  radial coolant  flow  through  the reactor  core. 
Furthermore,  the  cells of a slab  can  be  interconnected  electrically  in a series-parallel  
network. This arrangement  reduces  the power loss due to an open-circuited diode (in a 
series s t r ing of diodes) by providing  alternate  paths for the  current. 
The  third  concept  uses  core-length  externally  fueled  diodes  that  must  be  centrally 
cooled  due  to  the  fuel  location.  Internal  ohmic  losses,  which  increase  greatly  with  diode 
length, are reduced by using a double-ended  diode.  That is, current is taken  from  each 
end of the  diode,  which  effectively  halves  the  electrode  length as far as ohmic  losses  are 
concerned. 
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The  concept  discussed  in  this  report is somewhat of a hybrid of the first and  third 
concepts while providing for the electrical  interconnection  advantage of the  second.  It 
might  be thought of as an  "externally-fueled  flashlight"  concept  that  permits series- 
parallel  electrical  connections  between  diodes. 
In this  preliminary  study  the  advantages  and  limitations of this concept  were  investi- 
gated. A parametric  study  optimized  the diode  length  and  the  collector  thickness  to  pro- 
vide  the  maximum  electric  power output per  unit of diode cell  volume.  The  reference 
design  was  optimized  on  the  assumption  that  shaped 47r shielding will be  required  for 
manned  applications. 
One of the  problem areas in  thermionic  reactor  design is the detrimental  effect of 
radial  and axial thermal  power  variation,  due  to  neutron  leakage, on the  performance of 
series strings of diodes. Several methods of achieving "power flattening" have been 
proposed  (refs. 1 and 2). This  report  presents a method of reducing the effects of the 
radial power  variation by employing  electrical  zones.  The  core is divided  into  radial 
zones in which the  input  thermal  power  variation is slight.  The  current  density  varies 
from zone  to  zone  to extract  more power from the reactor  core  than a uniform current 
density would allow. 
Analyses  were  performed on a typical  reference-design  circuit  to  determine  the  ef- 
fects of open-circuit  and  short-circuit  failures on the  operating  conditions of the remain- 
ing diodes in the circuit. In addition, heat-transfer analyses were made on open- 
circuited  externally  and  internally  fueled  diodes which were  then  compared  on  an  equal- 
emitter-diameter  basis. 
Equations  were  derived  to  permit  the  calculation of internal  ohmic  losses when an 
electrical  conductor is in  parallel with one of the  electrodes of a diode. The conventional 
electrical  circuit  analysis  gives power losses  that   are too low. The problem is caused 
by variable  current flow  through  the  electrode while the  current flow  through  the  parallel 
conductor is constant. 
Two seal  designs  for  the  reference-design  fuel  element  were  analyzed.  Emphasis 
was  placed on the  stresses  caused by differential  axial  growth on the  metallic  components 
of such seals. 
DESIGN PHILOSOPHY 
For a device as complex as an  in-pile  thermionic  reactor,  any  conceptual  design is 
a compromise  among  several  important  factors.  The  reference  design  discussed  in  this 
report  incorporates  features which, it is believed,  afford  solutions  to  the  more  difficult 
problems. The remaining problems do not appear to be insoluble. The choices made in 
the  evolution of the  reference  design are discussed below  along with an  exploration of 
their  advantages  and  disadvantages. 
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TABLE I. - DESIGN PARAMETERS AND 
DIODE MATERIALS 
I Design  param ters  
Tempera ture ,  K(OR): 
Emitter  (max. ) 
Collector 
Diode current   densi ty  
( m a .  ), A/cm 
(max.), W/cm 
2 
Thermal  input  power 
2 
Core  power  ratio  (cosine), 
max. /min. 
Axial 
Radial 
Core  power  output  (approx. ) :  
kW electric 
Mater ia l s  
Emi t te r  
Collector 
Coolant  tube 
Tri layer   insulator  
Cladding 
Coolant 
1 
2000  (3600) 
1400 (2520) 
15 
77 
1. 2 
1. 2 
200 
Tungsten 
Niobium 
Niobium 
Alumina 
Tungsten 
Lithium 
The  reference-design  reactor  produces  approximately 200 kilowatts of electric 
power.  This  reactor size is criticality  limited,  but  until  sizes are reached  in which con- 
trol  becomes a problem,  the  number of fue l  assemblies  could  be  increased  to  produce 
higher  -power  reactors. 
Table I lists the  design  conditions,  the  performance  parameters,  and  the  materials 
selected  for  this  study.  Performance at the  design  conditions  was  based  on  conservative 
estimates of diode  power  output  and  efficiency. 
Diode Configuration 
When the  complexity  and  cost of constructing a thermionic  reactor is considered, 
testability of the diode becomes an exceedingly important criterion. To assure reli- 
ability,  the  diodes  should  be  tested  after  fabrication  and  before  installation  in  the  core. 
In-pile  testing is impractical  because of the  cost  and  the  problems  involved  in  assem- 
bling radioactive components. These problems can be avoided by using nonnuclear 
heating. 
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Diameters, 
Coolant 
Collector--""- 
CD-9913-22 
Figure 1. - Externally fueled diode cross section. 
The externally fueled diode (fig. 1) readily lends itself to such heating. Since the 
heat path is normally  from  the  outside  in,  the  heat  source  can be easily applied. Methods 
are  either  available,  or  are  under  development,  for  testing  internally  fueled  diodes; but 
they are  more  complicated  or  more  limited than  those  available  for  externally  fueled 
diodes. An internally  fueled  diode  could be designed with a central  cavity  large enough 
to  accept a heat  source.  This would make  testing of the diode easier  but would result  i n  
a larger  reactor.  Another  method would be  to  heat  the  emitter  before  inserting  the  fuel, 
but  any malfunctions  resulting  from  the  fuel  insertion  and  final  assembly  process would 
go undetected. Completely assembled, internally fueled diodes could be tested by a back 
emission  process which is currently  being  developed. Such testing will probably  be more 
time  consuming  than  direct  heating of externally  fueled  diodes  and will require a corre-  
lation of transient  test  results with desired  steady-state  operating  conditions. 
The  externally  fueled  diode  has  an  advantage  over  the  internally  fueled  diode  in  the 
event of an  open-circuit  failure.  Normally, a sizable  portion of the  fission  heat gen- 
erated  in  the  fuel is converted  to  kinetic  energy of the  electrons. Loss of this "electron 
cooling"  due to the  open circuit raises the  temperature of the  diode  because  the  remain- 
ing  modes of heat  transfer  must  take on additional  heat  loads. In thermionics,  the  most 
effective mode of heat transfer is emitter-to-collector  radiation. (For a complete dis- 
cussion of the  various  heat-transfer  processes  in  thermionics, see ref. 2. ) The differ- 
ence  between an internally  fueled  and  an  externally  fueled  diode,  in  the  event of an  open- 
circuit  failure,  lies  in  the  radiative  heat-transfer  areas  and  the  heat  sinks. An internally 
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fueled  diode  can  only  radiate  heat  from  the  emitter  to  the  collector.  The  externally fueled 
diode  can  radiate  heat  from its fuel  cladding  to its neighbor  diodes, as Well as from its 
emitter  to its collector. It is shown in  the  section  Open-circuit  Temperature  Rise  that 
this  additional  heat-transfer  path  can  prevent a fuel  meltdown  in  the  reference  diode  while 
an  internally  fueled  diode of equal  emitter  diameter  will  experience a fuel  meltdown. 
Another  type of probable  electrical  failure is a short  circuit  caused by the  closely 
spaced  electrodes of a diode  coming  in  contact  with  each  other. This contact  can  occur 
by distortion of the  emitter due to  fuel  swelling.  The  reference  design  may  reduce  the 
probability of this failure  since  fuel  swelling  does not  tend  to  decrease  the  interelectrode 
gap. The  reasons are discussed  in  detail  in  the  section  Fuel  Selection. 
With an  internally  fueled  flashlight  design,  fission-gas  venting is a problem  since  the 
diode structure  completely  encloses  the  fuel.  Venting of the  externally  fueled  diode is 
less  difficult  to  accomplish  because  the  fuel,  being  on  the  outside, is readily  accessible. 
A number of alternate  venting  schemes  are  possible.  The  internally  fueled  unit-cell 
diode  has  about  the same venting  advantage as an  externally  fueled diode. 
Analyses  have  shown  that  the  power loss due  to a n  open  circuit  can  be  minimized  by 
using cross connections between diodes of adjacent series strings (ref. 3). This  proce- 
dure  prevents  the  loss of an  entire  circuit by providing  alternate  paths  for  the  current. 
Interconnections  between  diodes  can  be  made  in  the  unit-cell  pancake  and  externally 
fueled  short-length  concepts,  but  the  internally  fueled  flashlight  concept  does  not  lend 
itself to this approach. Except for fuel meltdown, the core-length externally fueled con- 
cept  has no advantage  over  the  internally  fueled  flashlight  concept  in  the  event of an open 
circuit.  Since  interconnections  between  diodes  can  only be made at the reactor-core 
extremities,  the  loss of one  diode is equivalent  to  losing a whole fuel  element of the 
flashlight concept. If the  failure  were a short-circuited diode, the core-length concept 
is inferior  to  the  internally  fueled  flashlight  concept.  The  reason  for  this  inferiority is 
that  the  power  loss is again  equivalent  to  losing a whole fuel  element  while  the  power  loss 
for  the  internally  fueled  flashlight  concept is only a fraction of the  total  fuel-element 
power. 
A s  the  diode  length  increases,  the  internal  ohmic  losses of the  electrodes  increase 
rapidly  because  the  losses  are  proportional  to  the  cube  of  the  electrode  length.  The 
problem of high ohmic  losses  can be reduced by increasing  the  cross-sectional  areas of 
the  electrodes.  Collector  thickness  optimization is discussed  in  the  section OPTIMIZA- 
TION OF DIODE DIMENSIONS. Increasing  the  cross-sectional  areas of the  emitter  and 
the  cladding (if the  diode is externally  fueled)  results  in  an  increase  in  the diode cell 
volume  and a reduction  in  the fuel  volume  fraction.  This  reduces  the  power  output  per 
unit cell  volume  and  leads  to a larger  reactor  for a given  total  power  output. 
Selection of short-length  externally-fueled  diodes  for  the  reference  design  presents 
problems  that  some of the  other  concepts  do  not  have.  For  instance,  there is the  possi- 
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bility of shorting  between  fuel  elements  due  to  thermal  expansions of diodes  and/or  fuel- 
element  distortions. Although a problem of this  nature  can  be  solved by proper  design, 
it does not exist  for  an  internally  fueled diode. Perhaps the most serious disadvantage 
of the  reference  design is the high-temperature  requirements  placed  on  the  electrical 
insulator-seals,  The  ceramic  portions of such  devices are not only  in  contact  with  com- 
ponents that operate at 2000 K (3600' R) or  more,  but  they  must  also  withstand  long-term 
nuclear  radiation.  The  core-length  concept  reduces  the  magnitude of the  nuclear  effects 
by  placing  the  insulator-seals  outside  the  reactor  core.  The  internally  fueled  concepts 
reduce  the  temperature  requirements on  the  insulator-seals by avoiding  contact with the 
high-temperature  emitters. 
Gaseous Fission  Product  Venting 
The  reference  design  was  made  compatible with  the  venting of gaseous  fission  prod- 
ucts  from  the  space  occupied by the  fuel.  For  long-term  reactor  operation  and a ceramic 
fuel,  venting is necessary  to  keep  destructive  pressures  from  building up in  the  emitter 
structure. As the gaseous fission products are removed from the fuel space, vaporized 
fuel will also be removed. However, there is some evidence that venting can be accom- 
plished  without  an  excessive  loss of fuel  (unpublished  data by P. Hill of General  Electric 
The  reference  design  also  assumes  that  the  gaseous  fission  products are discharged 
CO.). 
directly  to  space. If this is not permitted, a method  must  be  devised  to  remove  the  gases 
from  the  reactor  core. One such method might be to  pump  the  gases  to a high-pressure 
shielded  retention  tank  located  outside  the  reactor  core.  Accumulation of the  gases  in 
the  containment  vessel is not desirable  because of the  resulting high pressures  in  that 
structure and the  additional  loads  imposed on the seals which  prevent  contamination of 
the  cesium  spaces with fission  products. 
Fuel Selection 
The  high  temperature  levels  encountered  in  in-pile  thermionics  require  the use of 
ceramic  fuels,  such as uranium dioxide (U02), uranium carbide (UC), uranium nitride 
(UN), o r  cermets  containing these fuels. The cermets may suffer a burnup limitation, 
are difficult to vent  (should that prove to  be necessary),  and  result  in  relatively  large  re- 
actor cores. A reactor  fueled with UN or UC will be  smaller  for a given  power  level  than 
one  fueled with U02. However, ceramic U02 (fully  enriched  in U 23 51 was  selected  for 
the  reference  design  because  more is known about its behavior  than  any of the  other 
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fuels,  and its use  results  in a reasonable  reactor  size. 
The  expansion  coefficient of U02, being  higher  than  that of tungsten,  results  in  in- 
creases  in both  the  internal  and  external  fuel  diameters of an  externally  fueled  diode as 
it heats up. The  fuel  tends  to  pull  away  from  the  tungsten  emitter  rather  than  reduce  the 
interelectrode gap as it might do if the  diode  were  internally  fueled.  The  gap  created 
between  the emitter  and  the  fuel would result in  excessively high  fuel  temperatures if it 
were not for "void migration"  in  the U02.  
irradiated  samples of U 0 2  fuel.  Artifical  voids  drilled  in a U 0 2  pellet  migrated  along 
radial lines toward the hot center of the pellet, as depicted in figure 2 (ref.  4). Void 
Void migration is the  apparent  movement of voids  that has been found to  occur  in 
(a) Art i f ic ia l   voids  u l t rasonical ly  dr i l led in UO2 (b)  Art i f ic ial  voids  after  i radiat ion. 
pellet  before  irradiation. 
Figure 2. - Change in void  distr ibution in U02 pellet. 
migration  occurs when the  temperature  level is high  enough  and a thermal  gradient 
exists which causes a vaporizing-condensing  process  to  take  place  between  the  relatively 
hot and cold surfaces of the  fuel  surrounding  the  voids.  That is, U 0 2  vaporizes  from  the 
hot edge of the  void,  diffuses  across  the  void,  and  redeposits on the  cold  side  (ref. 4). 
Since  the  fuel of an  externally  fueled  diode is hottest on the  exterior  (cladding)  sur- 
face  and  coolest on the  interior  (emitter)  surface, it can be expected  that  any  gap be- 
tween  the  emitter  surface  and  the  fuel  will be filled  with  redeposited U02. The  thermal 
bond between  the  redeposited U 0 2  and  the  emitter  should  be good judging from  the  re- 
sults of the  pellet  tests. Note in  figure 2 that  the  parent U 0 2  cracked while  the bond was 
intact  after  irradiation. A good bond means little temperature  r ise  across the  emitter- 
fuel  interface  and a lower  maximum  fuel  temperature. 
The  migration of voids  to  the  hottest  regions of the  fuel as observed  in  these  tests 
also  indicates  advantages  in  venting  gaseous  fission  products. Any voids  in  the as- 
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Figure 3. - Assumed post irradiation  appearance of externally 
fueled U02 diode. 
fabricated UOz, o r  those  resulting  from  fission  product  generation,  will  be  swept  to  the 
outer  periphery of the fuel, carrying  fission  gases  with  them (see fig. 3) .  Venting can 
then be accomplished  through  openings  in  the  cladding. 
A problem  may  result  from  this  generally  beneficial  migration of fuel.  At  operating 
temperatures  the  fuel is in  intimate  contact  with the emitter  surface. When the  reactor 
is subsequently  shut down, the  higher  expansion  coefficient of U02 will  result  in  its  exert- 
ing  an  external  force on the  emitter.  The  emitter  must be  made  thick  enough  to resist 
buckling as the U 0 2  shrinks  around  it.  Since  the  emitter  tends  to  cool  faster  than  the 
U02,  the  strength  requirement is based on  lower  than  the  maximum  emitter  temperature. 
Temperature  gradients within  the U 0 2  should  induce  cracking of the  brittle  fuel, as 
shown  in figure 3 .  Out-of-pile  cyclic  testing  could  be  used  to  establish  the  emitter  thick- 
ness  required  to resist buckling  due  to  this  difference  in  contraction a t  shutdown. 
Cesium Supply System 
While it is recognized  that  the  self-regulated  integral  Cesium  reservoir  (ref. 5) has 
many  potential  advantages  over  the external reservoir,  more  research  and  development 
is required.  Therefore,  the  external  cesium  reservoir is used  in  the  reference  design. 
That is, cesium  reservoirs with their necessary  temperature  controls are located  out- 
side  the  reactor  core,  and the cesium is supplied  to  interconnected  strings of fuel ele- 
ments by means of small-diameter  tubing. 
If, in  the  future,  the  self-regulated  integral  cesium  reservoir  proves  to be satis- 
factory, it will be a simple  matter  to  remove  from  the  design  the  heaters,  the  coolant 
loops, and the plumbing required for the  external  cesium  reservoirs.  In  that  case,  each 
diode  fuel-element  module  would  have its own built-in,  self-regulated  reservoir. 
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OPTIMIZATION OF DIODE DIMENSIONS 
In  any  space  application  size  and  weight of the  system are of utmost  importance. If 
the vehicle is to be manned, shaped 477 shielding of the reactor may be required. In 
this  case,  the  reactor-core  volume  must  be  minimized  to reduce the  shield  weight  which 
will be a considerable  portion of the  total  system  weight. 
The  s ize  of a thermionic  reactor is essentially  determined by criticality  require- 
ments,  temperature  limitations,  diode  performance,  and  the  electrical  power  level.  The 
electrical  power  level  and  diode  performance  determine  the  total  emitter  surface area re- 
quired.  The  volume of fuel per  unit  emitter  surface area must be high  enough  to  satisfy 
the  criticality  requirements  and low enough  to  maintain  reasonable  fuel  temperatures. 
A series of parametric  studies  was  carried  out  in  an  attempt to determine  the  diode 
configuration  which  would  give  the  best  performance.  The  first of these  studies  considers 
the  effect of diode  length  on  internal  ohmic  losses.  These  results  combined  with  the ef - 
fect of diode  length  on  the gross power  output  yield  the  net  power  output as a function of 
diode  length. 
To  minimize  shield  weight,  net  power  per  unit  reactor-core  volume  must be made 
as large as possible. The effect on this  parameter of diode length. diode diameter, and 
axial spacing  between  diodes was then  explored. 
In  addition,  the  effect of collector  thickness on internal  ohmic  losses  and  diode weight 
was  studied.  The  thickness  was  optimized on a specific-weight basis since  the  collector 
thickness of an  externally  fueled  diode  can be varied  without  changing  the  cell  volume  for 
a fixed  emitter  diameter.  After  the electrical power  aspects of the  diode  configuration 
were  studied,  the effects of fuel thickness  on  the  maximum fuel temperature  and  core 
criticality  were  studied. 
In  these  studies  it  is  assumed  that  each  emitter  is  isothermal  and  the  current  density 
in  each  diode is uniform  along  its  length.  In  reality,  the  emitter  temperature  varies 
along  the  length of each  diode as does  the  current  density. An analysis of diode  perfor- 
mance,  taking  these  factors  into  consideration, is fairly  complicated  and  has  recently 
been presented by Schock. (A. Schock: Analysis and Optimization of "Full-Length" 
Diodes.  Paper  presented at the  Proceedings of the  Second  International  Conference on 
Thermionic Electrical Power Generation, Stressa, Italy, May 1968.) 
The  simplifying  assumptions  made  herein  allow  hand  calculations  to be made.  They 
result  in  an  underestimate of ohmic  losses  in  the  electrodes  and  an  overestimation of the 
series lead  losses.  Although  these  errors do tend  to  cancel  out,  the  resulting output pow- 
er per  unit  volume  may be slightly  high  for  the  diode  performanc'e  maps  used.  These as- 
sumptions  have  negligible  effect  on  the  optimum  diode  length  for this concept  using series 
leads  optimized  for  the  isothermal  emitter.  Shock's  work  indicates  that  diode output is 
very insensitive to series lead configuration. Therefore, the optimized length, when axial 
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temperature  and  current  densities are taken  into  account,  should not be  much  different 
from  that  presented  herein. 
Internal  Ohmic Losses 
Regardless of concept,  diodes  must  be  connected  in series to  build  up  the  voltage  to 
a usable level. Current flowing through a diode results  in I R losses  in  the  emitter, 
the collector, and the series lead. The presence of the series lead (see fig. 4) affects 
the  performance of the  diode  in two ways: (1) The  heat it conducts from the emitter  to 
the  collector  reduces  the AT between the two electrodes,  causing a degradation of per-  
formance; and (2) the I R loss reduces the overall diode efficiency. Varying the geom- 
e t ry  of the  series  lead  in  an  attempt  to  reduce  the  heat  transfer  causes  an  increase  in  the 
I R loss. However, it has been determined (ref. 6) that the optimum series-lead dimen- 
sions  for  maximum  net  power  output a r e  given by 
2 
2 
2 
(Symbols a r e  defined in appendix A . )  
Since diode efficiencies 77 a r e  of the  order of 10 percent, the last term,  in paren- 
theses, on the right side of equation (1) can be dropped. Then, after rearranging, equa- 
tion (1) becomes 
Since I = JAe  and R = p(L/a), the I R loss for the series lead becomes 2 
Because  electrons  are  driven  from  the  surface of the  emitter  to  the  collector,  the 
current flow varies  along  the  length of the  electrodes.  This  complicates  the  calculation 
of the I R losses  through  the  electrodes. If a conductor is in  parallel with one of the 
electrodes,  an  additional  problem arises because  the  current flow  through  the  parallel 
conductor  (fuel  cladding) is constant,  while  the  current  flow  through  the  electrode 
2 
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Figure 4. - Fuel  element containing  externally  fueled diodes. 
(emitter)  varies. A discussion of this problem is given in  appendix B where  the  equa- 
tions leading to equation (4) are derived. Equation (4) is the summation of the I R 
losses  through  the  emitter  (including the fuel  cladding)  and  the  collector. 
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Figure 5. -Total  ohmic power loss per diode as funct ion of emitter 
length and diameter. Loss includes optimum series-lead loss; 
emitter  and  cladding  areas  assumed to be equal; emit ter   and 
collector thicknesses, 0.051 centimeter each; c u r r e n t  density, 
15 amperes  per  square  centimeter. 
Combining  equations (3) and (4) and  substituting I = JAe = nJDeLe  into  the  resulting 
equation  give  the  total  ohmic  loss  for a diode: 
For  these  studies  the  electrical  conductivity of the  fuel  was  neglected,  and  the  emit- 
ter and  cladding  cross-sectional areas were  assumed  to be  the  same  for  equal  thick- 
nesses. By the  use of equation (5), power losses as a function of emitter  length  were 
computed for a range of emitter  diameters  from 0. 5 to 2. 5 centimeters (0. 20 to 
0.98 in. ). The results  presented  in  figure 5 are for  assumed  emitter  and  collector 
thicknesses of 0.051 centimeter (0.020 in. ) each. It is evident  from  figure 5 that  the 
I R losses  increase  rapidly with emitter length. This rapid increase is caused by the 
Le term  in  equation (5) and  emphasizes  the  desirability of keeping  emitter  lengths  short. 
2 
3 
Diode Power Output 
The  gross  power output of a diode is a function of emitter  surface area, thermal 
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Figure 6. -Thermionic performance as a function of power input. 
power  input,  electrode  materials,  electrode  temperatures,  interelectrode  gap,  and  cesium 
temperature.  Experimental  data  from a laboratory-type  diode  can  be  used to construct a 
diode performance  map  for a variety of conditions. A typical  diode  performance  map, 
based on data  from  reference 7,  is shown in figure 6.  Although  the  data  were  obtained  for 
a different  collector  material,  interelectrode  gap,  and  collector  temperature than those 
of the  reference  design,  they  were  the  best  available at the  time  this  study was under- 
taken.  The  data  were  corrected  to a collector  temperature of 1400 K which was con- 
sidered  to  be  an  upper  limit for thermionic  diodes.  This is a conservative  selection 
because a reduction in the  collector  temperature would improve  the  diode  performance. 
For the  core  power  variation  listed  in  table I the  average  thermal  power  input  for a 
diode is about 68.5 watts  per  square  centimeter.  This  power  input  and  the  maximum  de- 
sign  current  density of 15 amperes  per  square  centimeter  result  in  an  average diode  volt- 
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age of about 0.52 volt  (see  fig. 6). The  average gross power  output for a diode is then 
PG = vJA, 
= 7.8 sDeLe(watts) (6) 
To determine  the  usable  power  per  diode,  the  ohmic  losses  (fig. 5) are subtracted 
from  the  gross  power  outputs  obtained  from  equation (6). The  resulting  average  net 
power  outputs are then  used  to  determine  the  maximum  power  output  per unit cell vol- 
ume. 
Emitter Length 
A trial-and-error  procedure is suggested by the  problem of trying  to  establish  the 
optimum  diode  dimensions  before  the  critical  fuel  volume  fraction is determined.  The 
critical  fuel  volume  fraction  depends  on  the  reactor  core  size, which  cannot  be  deter- 
mined  without knowing the  diode  dimensions  and  the  number of diodes  needed  to  produce 
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Figure 7. - Diode cell cross section. 
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a given total power.  However, it was  discovered that the  emitter  length of the 
reference-design  diode  can be reliably  optimized before core  size,  power  level, o r   c r i t -  
icality are determined. 
If it is assumed  that  the  diodes are spaced on an  equilateral  triangular  pitch,  the  cell 
cross-sectional area is the  hexagonal area shown in  figure  7  and is given by 
Then,  the  cell  volume is 
where Sr is the radial spacing between fuel elements and Sx is the axial spacing be- 
tween  diodes. 
The  value of D8 (the  outside  diameter of the fuel  cladding)  in  equation (8) depends  on 
the fuel volume. If the fuel volume is neglected, then D8 equals the emitter diameter 
plus  twice  the  fuel-cladding  thickness. Figure 8(a) shows  the  effect of diode  length  (for 
several  emitter  diameters) on  power  per  unit  cell  volume when the  fuel is omitted  from 
the  cell  volume.  After  the  fuel  thickness  for  each  emitter  diameter  was  determined  from 
criticality  considerations,  the  calculations  were  repeated  to  reflect  the  true  cell  vol- 
umes. These results are presented in figure 8(b). In all cases  the emitter, cladding, 
and  collector  thicknesses  were  each  0.051  centimeter  (0.020  in. ). The axial and radial 
spacings  were  constant at 0.635  centimeter (0. 25 in.)  and  0.076  centimeter  (0.030  in.), 
respectively. The conservative and simplifying assumption of equal cross-sectional 
areas for the emitter  and  the  cladding was used  throughout  in  determining  the  internal 
ohmic  losses. 
A comparison of figures 8(a)  and (b) shows  that  the  optimum  emitter  length is not 
greatly  affected by taking  into  account  the  change of cell  volume  due  to  fuel  thickness. 
The  curves  also  indicate that the  optimum  emitter  length is fairly  insensitive  to  emitter 
diameter.  Values  vary  over  the  narrow  range of 1.75  to 2.00 centimeters  (0.69  to 
0.79  in. ) for  the 5 to 1 range of emitter  diameters  investigated.  Furthermore,  for  the 
larger  emitter  diameters  in  the  region  near  the  optimum  length,  the  power  per  unit  cell 
volume is relatively insensitive to emitter  length  also.  For  example,  the  power  param- 
eter decreases only  5 percent for an  increase  in  length  from  the  optimum of 1 .9  centi- 
meters  (0.75  in.)   to 2.5 centimeters (1.0 in.)   for a 1. !%centimeter  (0.59-in.)  emitter 
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Figure 8. - Effect  of  diode  length  and  diameter on net power output  per unit 
cell volume. Radial spacing of 0.076 centimeter dnd axial spacing of 0.635 
centimeter  between  diodes  are  included in cell  volumes. 
- 
diameter. Since the penalty is small, it was decided to trade off a slight  increase  in 
reactor-core  size  for a reduction  in the number of diodes by selecting  the  2.5-centimeter 
emitter  length  for  the  reference-design  diode. 
Collector  Thickness 
When the I R losses were previously calculated, an arbitrary collector thickness 
of 0 .051 centimeter  (0.020  in.) was used. It can be seen from figure 1 (p. 5) that for a 
given emitter diameter D5 and interelectrode gap, the collector thickness can be varied 
without changing the external  dimensions of the diode. For a fixed  insulator  thickness 
and coolant-tube wall thickness,  increasing  the  collector  thickness  reduces  the  coolant 
flow passage  and  changes  the  weight of the diode. But a thicker  collector  reduces  the 
I R loss which increases the net  power  output  per  diode  and  decreases  the  number of 
diodes  needed  to  produce a given  core  power.  Increasing  the  collector  thickness is bene- 
ficial at least as long as the  specific  weight of the  diode decreases and  the  pressure  drop 
through  the  coolant  passage  does  not  become  excessive.  Since this study is restricted 
to  the  reactor  core,  the  effect of increased pumping  power  on  the  total  system  weight 
was  not  considered. 
2 
2 
The  effect of varying  the  .collector  thickness  was  based  on  specific  weight  rather 
than  on  power per  unit  cell  volume  because  any  increase  in diode  output  automatically  in- 
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Figure 9. - Diode  specific  weight  as  function 
of collector thickness. Emitter length, 
2.5 centimeters; fuel thickness, 0; emitter 
thickness, 0.051 centimeter; cladding 
thickness, 0.051 centimeter; insulator 
thickness, 0.025 centimeter; coolant pipe 
thickness. 0.102 centimeter. 
creases  the  power  per unit cell  volume  since  the  cell  volume is unchanged. Figure 9 
presents  the diode specific weight as a function of collector  thickness  for  three  emitter 
diameters and for  the  reference-design  emitter  length of 2.5  centimeters  (-1.0  in. ). 
For  these  calculations  it was assumed  that  the coolant-tube  wall  thickness of 0 .  102 centi- 
meter  (0.040  in. ) and  the trilayer  insulator  thickness of 0.025  centimeter (0.010 in. ) 
were constant. The resulting optimum collector thicknesses are 0.076, 0.086, and 
0.094 centimeter (0.030, 0.034, and 0.037 in. ) for  emitter  diameters of 0. 5, 1.0, and 
1. 5 centimeters, respectively. 
Depending on the  relative  importance of shield  weight it may  be  desirable  to  increase 
the collector thickness above the value resulting in optimum diode specific weight. For 
a reactor  that is not criticality  limited,  increasing  the  collector  thickness will result  in 
a smaller  reactor  and  lower  shield weight.  The  shield  weight decrease would have to be 
compared  with  the  weight increase of the  diodes  in  order  to  obtain  the  minimum  reactor 
weight for a given power level. For a criticality limited reactor, the reactor  size re- 
duction would not  be as great  because  the  required  fuel volume fraction  increases with 
decreasing  reactor  size.  Therefore,  the  reactor  size  reduction due to a decrease  in  the 
number of diodes is offset  somewhat by an  increase  in  the  individual  diode  cell  volume. 
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Figure 10 shows  the  effect of varying  collector  thickness on net  power  output  for a 
given diode. The curve indicates that for this particular diode, only marginal increases 
in  performance are realized as the  thickness  increases above 0.10 centimeter(0.039 in. ). 
Stress  calculations  were not performed  for  the given  coolant-tube wall  thickness; 
therefore, any  reduction  in this thickness would allow  an  additional  increase  in  the  col- 
lector thickness without increasing the diode weight. This would reduce the collector 
ohmic  losses  and  the  reactor-core  size  even  further. 
Fuel Thickness 
The  maximum  fuel  thickness  must  be  small enough to  prevent  excessive  fuel  tem- 
peratures.  Figure 11 shows  the  temperature  difference  across  the U 0 2  as a function of 
fuel  thickness  for  several  emitter  diameters  for  the  maximum  design  heat f lux .  The  cal- 
culations  were  made by using  equations  from  reference 8 for  an  internally  cooled  cylin- 
drical  shell  with  uniform  internal  heat  generation.  For  an  emitter  temperature of 
2000 K (3600' R) a wide range of thicknesses  can  be  used  before  the  melting  point of U 0 2  
is reached  in  normal  operation. 
The  minimum  fuel  thickness  must  be  large  enough  to  satisfy  the  criticality  require- 
ments. To determine these thicknesses as a function of emitter  diameter,  criticality 
curves  from  reference 9 were  used. Given in this reference  are  plots of fuel  volume 
fraction  against  reactor-core  diameters for several  fuels  and  beryllium  oxide (BO) re- 
flector thicknesses. In order to provide adequate reflector control, a reflector thickness 
19 
. ._  .. , , . . .. "".. . ..".."._.." 
0 .20 .40 .60 .80 1. 
Fuel thickness, cm 
Figure 11. - Maximum  fuel   temperature  d i f ference as 
funct ion of fuel  th ickness. Thermal heat f lux,  
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Figure 12. - Determination of cr i t ical fuel volume frac- 
t ions for several emitter diameters. (Solid curve repre- 
sents data from ref. 9 for UO2 fuel, effective multipli- 
cation factor of 1.05, 10.2-centimeter beryllium oxide 
reflector,  and core length  to  diameter  ratio  of 1.) 
of 10. 2 centimeters (4.0 in. ) was  chosen.  The  solid  line  in figure 12  represents  the  data 
from  reference 8 for the  chosen  reflector  thickness, fully enriched U 0 2  fuel, an  effec- 
tive multiplication factor keff of 1.05, and a reactor-core length to diameter ratio L/D 
of 1. These data are for a fast, liquid-metal-cooled reactor. For the materials nor- 
mally found in  the  nonnuclear  components of such  reactors,  variation  in  composition has 
little effect on the fuel volume fraction requirements. Therefore, the solid curve is 
adequate  for  the  purpose of determining  the  critical  fuel  volume  fraction as a function of 
emitter  diameter. 
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The  dashed  curves  intersecting  the  solid  line  in figure 12  determine  the critical fuel 
volume  fractions  for  each of the emitter diameters shown. The  dashed  curves  were ob- 
tained  in  the  following  manner.  The  fuel  volume  fraction is given  by 
2.rrtf(De + 2te + tf) Le 
fibe + w e  + tf + tw) + Sr]2(Le + Sx) 
o r  
2.89 tf(De + 0. 102 + tf) 
(De + 2tf + 0. 28)2 
F = ~~ 
V 
when the emitter wall thickness te and the fuel cladding thickness tw are 0 . 0 5 1  centi- 
meter  (0.020  in. ) each, the radial spacing between fuel elements Sr is 0.076 centimeter 
( 0 . 0 3 0  in.),  the axial spacing between diodes Sx is 0 . 6 3 5  centimeter (0. 25 in.), and the 
emitter length Le is 2. 5 centimeters (1.0 in. ). 
For a reactor-core L/D = 1, the  core  volume is given by 
- 7 f 3  
vcore - 4 Dcore 
o r  
= 1 .083  Vcore 1/3 Dcore 
The  core  volume  can  also be approximated by 
= 2.72 N (De + 2tf + 0. 28)2 cm 3 
21 
I". - 
Emitter diameter, cm 
Figure 13. - Number of core diodes as func t i on  of 
emitter  diameter  for  diode-specific-weight- 
optimized collector thicknesses. Core power, 
200 kW electric; emitter length, 2.5 centimeters. 
The  number of core  diodes N is determined by dividing  the  net  reactor  power  out- 
put by the  average  power output of a diode, Figure 13 shows N plotted against emitter 
diameter  for a 200-kW electric  reactor.  The  calculations  were  performed  for  diodes 
with optimized  collector  thicknesses  and  the  reference-design  emitter  length of 2. 5  cen- 
timeters. 
By assigning  arbitrary  values of fuel  thickness tf for  each  given  emitter  diameter 
De and taking N from figure 13, equations (9), ( lo) ,  and (llryield the dashed curves 
of figure 12. The  intersections of the  dashed  curves  with  the  solid  curve  give  the 
reactor-core  diameters  and  the  critical  fuel volume fractions.  The  smallest  diode  con- 
sidered  results  in a 38.3-centimeter-diameter  (15.0-in.  -diam)  reactor  core while  the 
largest  results in a 41.6-centimeter-diameter (16. 4-in. -diam)  reactor  core.  These  di- 
mensions are  minimal  since no allowance was made  for  fuel zoning. 
The  critical  fuel volume fractions  from  figure  12  were  substituted back  into  equa- 
tion (9) to  obtain  the  minimum  fuel  thicknesses.  These  thicknesses,  which vary from 
0.28  to  0.445  centimeter  (0.11  to  0.175  in.)  for  emitter  diameters of 0.5  to  1.50  centi- 
meters  (0.197  to  0.591 in. ), are shown in figure  14. 
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Emitter diameter, cm 
Figure 14. - Cr i t ical   (minimum)  fuel   th ickness as 
func t i on  of emitter  diameter based on  data  from 
reference 9 for  UO fuel, effective multiplication 
factor of 1.05, 10.3-centimeter beryl l ium oxide 
reflector;  core  length to diameter  rat io of 1. 
! 
Emitter  Diameter 
The  preceding  studies  have shown that  the  emitter  diameter  should  be  kept as small 
as possible  in  order  to  obtain  the  maximum  power  output  per  unit of cell (or reactor 
core) volume. However, as the  emitter  diameter  decreases  the  number of diodes needed 
to  produce a given  power  level  increases  rapidly, as shown in figure 13 .  Small  sizes 
and  large  quantities of diodes  complicate  fabrication,  assembly,  and  testing  problems. 
For these  reasons  it is desirable  to  select as large  an  emitter  diameter as possible 
without  paying an  unreasonable  reactor  size  penalty. 
The  reactor  size  penalty  resulting  from  using  emitter  diameters  larger  than 
0. 5 centimeter (0.2 in. ) is more  severe  for a high-power  reactor  than  it is for a criti- 
cality  limited  reactor.  This  difference  results  from  the  effect  fuel  thickness  has on the 
cell volume for a given  emitter  diameter.  This  effect is illustrated in figure 1 5  where 
the  maximum  values of power  per  unit  cell  volume  obtained  from  figures  8(a)  and (b) a r e  
plotted  against  emitter  diameter. When the  criticality  determined  fuelvolume  inincluded 
in  the  cell  volume,  the  curve is fairly flat, as shown by the  lower  curve. As reactor-core 
size  increases,  the  fuel  volume  per cell decreases  and  the  upper  curve of figure 15 is 
approached.  The  steeper  slope of the  upper  curve  indicates a greater power  penalty  for 
high-power reactors as the  emitter  diameter  increased beyond 0 . 5  centimeter. 
There is an  upper  limit on the  emitter  diameter  for  the  reference  design.  This 
limit is determined by the  maximum fuel temperature  reached after an  open-circuit 
failure. It is shown in the  section  Open-circuit  Temperature  Rise that this diameter is 
1.30 centimeters ( 0 . 5 1  in.)  for  the  reference-design diode with the  criticality  deter- 
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Figure 15. - Maximum power per   un i t   ce l l   vo lume as func t ion  of 
emitter  diameter. 
mined  fuel  thicknesses  shown  in  figure  14.  Therefore,  based on the  above  considera- 
tions,  an  emitter  diameter of 1.25  centimeters (0.49 in.)  was  selected  for  the  reference- 
design  diode. 
Spacings Between Diodes 
In the  calculations of power per unit  cell  volume,  the  axial  and  radial  spacings  be- 
tween  diodes  were  held  constant at 0.635  and  0.076  centimeter  (0.25  and  0.030 in. ), 
respectively.  Those  dimensions  were  arbitrarily  selected as the  smallest  practical 
from manufacturing and assembly considerations. However, varying the axial spacing 
causes  the  optimum  emitter  length  and  the  maximum  power  per  unit  cell  volume  to  vary. 
If it  were  possible  to  have no axial space  between  diodes,  the  power  per  unit  cell  volume 
would vary  with  emitter  length, as shown by the  upper  curve of figure  16. When axial 
spacing is included  in  the  cell  volume,  the  power  per  unit  cell  volume  versus  emitter 
length  passes  through a maximum  point, as shown by the  lower  curve of figure  16.  The 
reason is that a fixed axial spacing  dimension  contributes  more  volume (in percent)  to 
the  cell  volume  for a small  emitter  length  than it does  for a large  emitter  length. As 
the  emitter  length  increases,  the  contribution of the  spacing  to  the  total  cell  volume  de- 
creases,  and  the  curve  approaches  the  curve of zero axial spacing.  The  loss of power 
per  unit cell volume as indicated by the  difference  between  the  two  curves  emphasizes 
the  need to keep  the axial spacing as small  as possible.  Radial  spacing  has  the  same ef- 
fect  that  the  fuel  thickness  has on the  power  per  unit cell volume (fig. 15). Therefore, 
it should  also  be  kept as small  as possible. 
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Figure 16. - Effect of axial spacing o n  diode power 
per unit cell  volume.  Radial  spacing, 0.076 
centimeter; emitter diameter, 0.5 centimeter; 
fuel volume neglected. 
REFERENCE DESIGN 
Fluid Flow Analysis 
The  preceding  studies  established  the  dimensions of the  reference-design diode. 
Several  diodes are stacked  one upon the  other and ser ies  connected  to  form a fuel  ele- 
ment  which  must be analyzed for  pressure  drops  to  assure  that  the  basic  dimensions  are 
satisfactory. The approximate core length, from figure 12 where core L/D = 1, is 
about 40. 5 centimeters (15. 9 in. >. Then,  the  number of diodes  in a fuel  element is given 
approximately by 
Therefore, 13 diodes should be used. When about 5 centimeters (1.97 in. ) a r e  allowed 
for  cesium  chambers  and  expansion  joints,  the  core  length  becomes 45.  7 centimeters 
(18.0 in. ) 
If it is assumed  that  the  maximum  allowable  temperature rise of the  lithium  coolant 
as it passes  through a fuel  element is 55 K (100' R), the  corresponding  minimum  weight 
flow is 
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w=-- ae - 0.036 kg/sec (0.079 lb/sec) 
Cp A T  
The Reynolds number for the lithium coolant flowing through the fuel element is . 
WD 
NRe = -= 1 21 900 
pal 
and  the  friction  factor  for  that NRe is f = 0. 025. 
the  coolant  pressure  drop  through a fuel  element is 
Neglecting  entrance  and  exit  losses, 
2 
f w  ‘core A p  = 
which is well  below  the  total  head  available  from a typical  electromagnetic  pump  for a 
system of this  size  (ref.  10). Therefore, the coolant flow rate could be increased con- 
siderably without  having an  excessive  pressure loss with an  emitter of this size, o r  a 
smaller coolant  flow  passage  (and  emitter  diameter)  could  be  tolerated  with  the  given 
coolant  flow rate. 
Electrical Zoning 
If no effort is made  to  match  electric  conversion  with  the  reactor-core  thermal 
power distribution, high losses in power output will be incurred (ref. 2). Many methods 
have  been  proposed  to  reduce  the  effects of varying  power  throughout  the  reactor  core. 
Some of these  methods  attack  the  problem  at  the  heat  source;  that is, fuel  zoning  and/or 
the  introduction of moderator  material in zones are used  to  give  heat fluxes which  lead 
to  more  uniform  emitter  temperatures  throughout  the  reactor  core  (ref. 1). Other 
methods  that  have  been  suggested  include  varying  the  diode  geometry  to  match  the  ther- 
mal  power  input.  Examples of studies on variable  emitter  length  and on variable  fuel 
loading (for a constant  emitter length) are  presented in  reference 2. Also, combinations 
of two or more  methods  could  be  employed in the  same  reactor  core. 
For the  reference  design it was assumed  that  the  reactor-core  thermal  power  was 
first flattened by nuclear  means  to a peak-to-minimum  power  ratio of 1.2.  Then,  the 
effect of the  resulting  radial  thermal  power  variation  was  reduced by employing  electri- 
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cal zoning.  Basically,  electrical  zoning is an  attempt  to  keep all series-connected 
diodes of a given  circuit in as uniform a thermal  power  region as possible.  The  degra- 
dation of performance of series strings of diodes  in a nonuniform  thermal  power  region 
is b.est  illustrated by means of the  diode  performance  map  (fig. 6). 
sity J lines of figure 6 are, in effect, constant current lines. It is shown in the figure 
that for  any  given  constant  current  density  the  voltage  decreases as the  input  power  de- 
creases.  If all the  core  diodes  operate at a constant  current  density,  there is no way 
to  avoid  losing  electrical  power  (for  diodes of the same  size) as the  input  power  de- 
creases.  Electrical  zoning  (varying  current  density  from zone  to  zone)  provides a means 
of recovering  some of this  lost  power.  The  highest-powered  diodes of a given  zone are 
operated at a current  density  that  results  in  the  maximum net power  output  without ex- 
ceeding the maximum allowable emitter temperature. The determination of this optimum 
operating  curve is given i n  the  following  paragraphs. 
The  maximum gross  power  output fo r  a given  thermal power  input  can  be deter-  
Since all the  reference-design  diodes are the  same  size,  the  constant  current  den- 
mined from figure 6 (p. 14). The gross electrical power outputs for several values of 
thermal input power are plotted  against  current  density  in  figure 17. The  electrical 
power  output  maximizes  for a particular  value of current  density.  However, it is the  net 
power  output that is important, so the  gross  power output  has  to  be  reduced  to  account 
for the internal I R losses. 2 
10 
L 
5 
Figure 17. - Diode gross  power  output as func t ion  
of current  density  for  several  values of constant 
thermal  power input  (based on data f rom fig. 6). 
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The I R losses shown in figure 5 (p. 13) were  calculated  for a constant current 2 
density of 15  amperes  per  square  centimeter  and  for a nonoptimum  collector  thickness. 
For this  study  the  losses  were  recalculated by using  the  dimensions of the  reference- 
design  diode.  The  increase  incladding  cross-sectional  area  due  to  fuel  thickness  was 
neglected; therefore, the values of the I R losses shown in figure  18  for  varying  cur- 
rent  density are slightly  conservative.  These  losses, when subtracted  from  the  gross 
electrical  power output  values shown in  figure 17, give  the  net  electrical  power  outputs. 
2 
Net electrical  power output  plotted  against  current  density  results in curves  similar 
to  those of figure  17.  The  resulting  values of maximum net power output a r e  plotted 
against  thermal  power input in figure  19  to  show  the  effect of increasing  input  thermal 
Figure 18. - Total ohmic losses for reference-design diode including 
optimum series lead. (Cladding and emitter cross-sectional areas 
are  assumed to be equal. 1 . ,, I .  
Thermal power per unit area, 0, Wlcm' 
F igure 19. -Maximum  net   e lect r ica l   power output for 
reference-design  diode  as  function  of  thermal  power 
input. 
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power on diode  performance.  This  information is used,  along  with  the  appropriate 
values of current  density,  to  establish  the  optimum  operating line for  the  reference 
diode. 
Voltage  values for  each  pair of maximum  net  electrical  power  and  current  density 
values  can  be  readily  determined.  These  voltages  and  the  corresponding  values of ther- 
mal input  power  yield  the  maximum  net  power  output  operating  line  (heavy-dashed  curve) 
in figure 20. The  curve  intersects  the  Te = 2000 K curve at a thermal  power input of 
about 71 watts per  square  centimeter.  Since  this is the maximum allowable emitter 
temperature,  any  diode  with a thermal  power input greater  than  71  watts  per  square  cen- 
timeter is limited by the Te = 2000 K line. These two curves (the Te = 2000 K line 
and  the  maximum  net  power  output  line)  establish  the  operating  points of the  highest- 
powered  diodes of each zone  in  the  following  studies. 
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Figure 20. - Performance  map  indicating  optimum  operating  curve for reference-design diode. 
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Figure 21. - Ten-ring  core  model. 
The  core  was  divided  into 10 rings of fuel  elements, as shown in  figure 21. Ring 1 
is the  central  ring  (actually  one  fuel  element),  and  the  outer  ring is ring 10. Four  cases, 
each with  different  electrical  zoning,  were  studied  and  then  compared with an  ideal  case 
(case 5) where it was assumed that the radial core  power was uniform. The following 
assumptions  were  used: 
(1) The  performance of each diode is determined by the  map  shown in figure 20. 
(2) Radial  and axial power  variations  are as indicated  in  table I (p. 4) (except  for 
case 5 which  has  uniform  radial  power). 
(3) The  maximum  power  density is 77 watts  per  square  centimeter. 
(4) The  maximum  emitter  temperature is 2000 K. 
(5) All  the  fuel  elements in a given  zone a re   s e r i e s  connected. 
(6) A l l  the  fuel  elements in a given ring have  the  same  thermal input  power 
The  cases  are  briefly  described as follows: 
Case 1. - All  the fuel e lements   are   ser ies  connected to form a one-zone  core.  The 
current  density is 15 amperes  per  square  centimeter,  which  corresponds  to a thermal 
power input of 77 watts  per  square  centimeter  and  an  emitter  temperature of 2000 K 
(fig. 20). 
Case 2. - This is a two-zone core. Zone 1 contains rings 1 to 7, and zone 2 contains 
rings 8 to 10 (see  fig. 21). The  current  density in zone 1 is 15  amperes  per  square  cen- 
timeter.  The  highest-powered  diodes of zone 2 have a heat input of 70.1  watts  per  square 
centimeter.  This  thermal  power input  and the  maximum  net  power  output  curve of fig- 
ure 20 result  in a current  density of about 11.5 amperes  per  square  centimeter  for 
zone 2. The  operating  points of the  highest-powered  diodes in each zone are illustrated 
in figure 22. It can be determined by using  values  taken  from  the  figure  that  the  highest- 
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F igure 22. - Operating  points of highest-powered  diodes  of  each  zone  for  case 2. 
powered diode in zone 2 produces  about  8.9 watts per  square  centimeter.  That  same 
diode  operating in case 1 on  the J = 15  amperes  per  square  centimeter  line  produced 
8 .1  watts per  square  centimeter  or  almost  10  percent less power. 
Case 3 .  - This  is  a  four-zone  case  where  zones 1 to 4 are  composed of rings 1 to 4, 
5 and 6, 7 and 8. and 9 and 10, respectively.  The  analytic  procedure  is  an  extension of 
that described  for  case 2. That is, each  zone  shifts  to a new J-line  limited only by the 
maximum  emitter  temperature of 2000 K or the  maximum  net  power  output  line. 
Case 4. - This is the  limiting  case as far as the  number of zones is concerned. 
Here, each  ring is a separate  electrical  zone  whose  current is dictated by the  highest- 
powered  diode of that ring. 
Case 5. - This is the  ideal  case  where  the  radial  power is assumed  to  be  uniform 
across  the  core.  However,  the axial power varies the  same as in all the  previous  cases. 
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In effect,  this  case  can  be thought of as a core  composed  entirely of ring 1 fuel  elements. 
The  results of this  study are presented  in  table II. As more  zones  are  introduced 
there is an  additional  gain  in  net  core  power  output. Part of the  gain is caused  by  re- 
duced I?R losses which  result  from  zones  operating  with  current  densities  less  than  the 
maximum of 15  amperes  per  square  centimeter. 
The  radial  power  variation  assumed in table I (p. 4) results  in  a loss of power of 
about 25  percent  (comparison of case 1 with case 5). About half of this  power  can  be re- 
covered by using only four  zones  (case 3). The  slight  increase in  net  power output ob- 
tained by using 10 zones  (case 4) is marginal  and  does not justify  the  increased  electrical 
complexity  compared  with a four-zone  case.  Therefore,  case 3 was used as the model 
for  the  reference  design. 
TABLE 11. - SUMMARY OF ELECTRICAL ZONING STUDY - 
Zone 
.. . 
Gross  
power, 
rW electric 
"" . 
240.0 
~~ 
C u r r e  
densit 
J, 
A/cn 
__- 
15.0 
15.0 
11. 5 
15.0 
13.  2 
12.0 
11.0 
15.0 
14.5 
14. 1 
13.8 
13. 2 
12. 8 
12.0 
11. 5 
11.0 
10.7 
15.0 
-_ 
.-  " .. 
12R 
loss, 
kW electric 
". -~ 
56.6 
27. 7 
19.6 
. .  . 
Core  power 
relative 
to case  5  
.. . . - 
0.753 
Maximum 
diode 
cur ren t ,  
I, 
A 
147 
". 
147 
113 
147 
133 
118 
108 
"_ ~ 
14 7 
142 
138 
135 
130 
126 
118 
113 
108 
10  5 
147 
Net  core 
power, 
kW electric 
~ ." 
183.4 
203. 2 
2 one 
roltage 
v 
1633 
Ring 
1 1 to l a  
0.835 1 
2 
1 to 7 
8 to 10 
892 
1057 
131.1 
119.4 
1 
2 
3 
4 
1 
2 
3 
4 
5 
6 
7 
8 
9 
.o 
__ 
1 to 4 
576 
798 
9, 10 
27 5 
451 
686 
7 14 
8. 1 
9.7 
12. 3 
12.  5 
0. 2 
1. 2 
2.4 
3.4 
4 .3  
5.2 
5. 7 
6. 2 
6 .7  
5. 6 
. ~~ 
215.8 
.. 
218. 1 
0.886 
." ~ - 
0.896 
40.4 
60.0 
80.9 
77. 1 
1. 2 
6 .9  
13.7 
20.4 
26.6 
32. 7 
38.  2 
42.  2 
43.1 
34.0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 to 10 
8 
49 
100 
151 
205 
260 
3 24 
3  74 
400 
3 24 
2046 300.0 56.6 243.4 1.000 1 
aCase 5 has flat radial power distribution. 
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Electrical  Circuits 
Each  core-length  fuel  element  contains 13 diodes  which a r e  connected in series 
electrically. In order  to  reduce  the  power  loss  caused by an  open  circuit,  three  fuel 
elements  are joined  together in parallel  electrically.  Several of these  "trielements" 
a r e  connected in series  to  produce  the  desired  circuit  voltage. 
The  electrical zoning  study  indicated  that a reactor  core  with  four  zones would be 
the  best  practical  arrangement  for  the  reference  design.  Figure 23 shows a schematic 
cross  section of the  core  with  the  zones  indicated by the heavy lines.  Each  zone  contains 
the  number of circuits  indicated in table III where zone 1 is the central zone. Multiple 
circuits are used  to  limit  any  one  circuit  to 100 volts or less  to  prevent a trilayer insu- 
& Trielement 
@4 Feedth rough 
rrielementE 
per  zone 
~ 
12 
la 
24 
30 
~.  
Zircuits 
?e r  zone 
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2 
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I V  CD-9917-22 
Figure 23. - Schematic of reference-design  core  showing 
tr ielements  grouped  into  four  electr ical zones. 
TABLE ITI. - ELECTRIC CIRCUITS BY ZONES 
" 
Approximate  circuit 
voltage, 
V 
71 
63 
- " 
aa 
100 
~~ . . -  ~~~ . 
4pproximate  circuit 
current,  
A 
44 1 
400 
354 
3  24 
- 
ipproximate circuit Approximate zone 
power , power, 
kW electric kW electr ic  
31.  3  31.  3 
25. 1 50.  2 
31. 1 62.  2 
32.4  64.8
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lation  breakdown.  Since  both  circuits of each  multiple-circuit  zone are paralleled  to one 
set of power  conditioning  equipment, a total of four sets of power  conditioning  equipment 
is required  for  the  reference-design  reactor. 
The  approximate  currents  and  voltages  listed in table IU are based on the  results 
obtained for  case 3 of the  electrical zoning study. However, the case 3 values were de- 
termined  for  series-connected  fuel  elements and not for  series-connected  trielements. 
Therefore,  the  voltages  and  currents had to  be  adjusted  to  account  for  the  series- 
parallel  networks  created by the  use of trielements. In addition,  the  power  lost by re- 
moval of fuel  elements  for  feedthrough  positions  (the  shaded  circular areas of fig. 23) 
was taken into account. When trielements  are  arranged as shown in figure 23, it is im- 
possible  for all three  fuel  elements  to  be in the  same  ring  and  have  the  same input  power. 
Therefore,  there will  be a slight  voltage  mismatch  when  they are paralleled,  causing 
additional  losses which are not accounted  for  in  table III. 
Arrangement of Components 
A simplified  sketch of the  core  illustrating  the  main  components  (except  for  individ- 
ual diodes) is shown in figure 24. The modular power package is the trielement. All  the 
trielements are identical,  but  those  labeled A are oriented  upside down with  respect  to 
the B trielements. This simplifies the series electrical connections between triele- 
ments  and  keeps  the  connectors  short.  Although  parallel  cross  connections  between  ad- 
jacent  diodes a re  not  shown,  the reference  design  premits  such  interconnections if there 
is an  advantage  in  doing so. 
From  the  inlet  nozzle  the  liquid-metal  coolant is distributed  throughout  the  reactor 
core by means of a plenum.  The  lithium  flows  through  the  centers of the fuel elements 
and  through  the  passage  formed by the  double walls of the  containment  vessel.  This 
cools the collectors, the containment vessel, and the reflector. Insulation must be in- 
stalled  between  the  inner wall of the  containment  vessel  and  the  outer  ring of triele- 
ments. If this is not  done,  the  outer  ring of trielements will  lose  too  much  heat,  de- 
grading  the  performance of electric  zone  four.  Radiation  shields a r e  used  for  this  pur- 
pose  in  the  reference  design. 
The  high-voltage  leads a r e  limited  to  one  per  electrical  circuit.  The  opposite end of 
each  electrical  circuit is grounded  to  the  liquid-metal-coolant  plenum. In order to  use 
the  electric  power  developed,  one  side of a load  must  be  connected  to  the  high-voltage 
lead  while  the  other  side  must  be  grounded  to  the  liquid-metal-loop  piping  outside  the 
reactor  core. 
Fission  gases  are  collected in the void space  surrounding  the  fuel  elements.  The 
pressure buildup  in the  containment  vessel is controlled by removing  the  excess  gases 
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F igure 24. - Core  assembly of 200-kilowatt  electric  thermionic  reactor. 
35 
,-Coolant tube 
Cesium 
i n l e t  
in terconnect ing 
-Seal-welded  top 
joints of 
cesium  plenums 
Support  plate7 
Insulator-seal 
I I I I  I I -
CD-9919-22 
Figure 25. - Trielement  details. 
from  the  vessel by means of a tube  welded  into  one of the  feedthroughs. If the  gases  can 
not be  discharged  directly  to  space,  some  other  method of controlling  the  pressure  will 
have  to  be  devised. One method  might  be  to  pump  the  gases  to a high-pressure  shielded 
retention  tank  located  outside  the  containment  vessel. 
The  three  fuel  elements that form a trielement  are joined  together by means of a 
common cesium plenum. For  each  electrical  circuit  there  are two cesium  supply  lines 
(from a reservoir  located  outside  the  containment  vessel)  that a r e  brought  into  the re- 
actor core through a feedthrough. One line supplies cesium to an A trielement while 
the other supplies a B trielement. The cesium is distributed to the rest of the  triele- 
ments  in  the  string by short  lines  that  interconnect  plenums.  Details of the  cesium- 
plenum end of a trielement  are shown in figure 25. 
Seal Designs 
In a vented-fuel  diode  design  it is necessary  to  contain the cesium in the  interelec- 
trode  space,  and it is desirable  to  keep  the  fission  gases  out. Some seals in a thermi- 
onic  system  have  to  be  electrical  insulators  because  they  may  be in  intimate  contact  with 
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an  emitter and a collector, two adjacent  emitters, or two adjacent  collectors  depending 
on the  particular  design  and  type of diode. Stress  problems  associated  with  ceramic 
insulator-seals are extensively  analyzed  in  reference 11. This  section  analyzes  the 
problems  in  the  metallic  components of two different  types of sealing  arrangements  for 
the  reference  design.  Although  both  radial  and axial differential  thermal  expansions 
have  to  be  considered,  only  the  axial  effects were considered  for  the two designs  which 
are described in the following paragraphs. 
Design 1. - In this  design  the  fuel-emitter  piece of each  diode is fixed on  on? end 
while  the  other  end is free  to grow  axially.  The  arrangement of the  components is shown 
in figure 26(a). In order  to  contain  the  cesium,  the  series  lead  functions as a sea l  in 
addition  to  being  an  electrical  lead  and  an  expansion  joint.  The  fixed  end of the  fuel- 
emitter  piece has to  be  electrically  insulated  from  its  collector  and  the series lead. 
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(b) Design 2. 
F igure 26. - Insulator-seal  designs for vented diodes. 
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Although  they are not  shown  in  the  figure,  several axial grooves at the  joint  formed by 
the  collector  and  the  support  piece  allow  the  cesium  to  traverse  the  fuel  element. 
The stress problems  in  the series lead are complicated by the fact that its shape 
and  dimensions are dictated by the  diode  geometry  and  the  functions it must  perform. 
Essential.ly, it must  be  shaped  like a conical  disk with a central  hole  where  the  radial 
dimensions are limited by the  outside  diameter of the  cladding  and  the  outside  diameter 
of the  collector.  This  shape  fixes  the  heat-transfer  and  electrical  conduction  length of 
the  series-lead  to  the  difference  between  the  outside  and  inside  radii.  The  length  could 
be  increased by increasing  the  cone  angle,  but  this is unsatisfactory  for two reasons: 
(1) It would increase  the  axial  spacing between diodes, which  would increase  the  core 
size,  and (2) it makes  the  disk  ,more  rigid  because  the  load on it becomes  more of a 
compressive  load  and  less of a bending  load.  Furthermore,  the  disk  thickness  in- 
creases as the  length  increases  adding  to  the  rigidity.  The  thickness  increases  because 
the  length  to  cross-sectional area ratio of an  optimum  series  lead is a constant  value 
(see  the  section  Internal  Ohmic  Losses).  Since  this area is the  disk  thickness  times  the 
mean  disk  diameter, only the  disk  thicknep  can  increase  because  the  mean  diameter is 
unaffected by the  cone  angle.  Therefore,  the  dimensions of the series lead  for  this  de- 
sign are as follows: outside diameter, 2.28 centimeters (0.898 in.); inside diameter, 
1 . 2  centimeters  (0.472  in.);  and wall thickness,  0.010  centimeter  (0.004 in.). 
Since  the  series  lead is in  contact  with  the 2000 K (3600’ R) emitter,  the  material 
must  be a refractory  metal,  such as a tungsten  alloy.  The  differential axial growth  be- 
tween  the  emitter  and its collector  causes a deflection  in  the  series  lead of 0.008  centi- 
meter (0.003 in. ) which s t resses  it beyond its yield  point at temperature.  Prediction of 
failure  in  the  plastic  range is difficult  to  calculate  but  was  approximated  in  the  following 
manner.  Equations  for  simple  beam  problems  that  predict  the  maximum  deflection at 
the  instant of plastic  failure  are  presented  in  reference 12. The  series  lead is much like 
a disk of an expansion bellows which can be considered as a beam  (ref. 13). Therefore, 
it was assumed  that  the following  approximation  predicts  the  maximum  deflection of the 
series  lead  at  the  instant of plastic  failure: 
where 
maximum  deflection of disk  (series  lead) at 
maximum  elastic  deflection of disk 6D 
instant of plastic 
6i3 maximum  deflection of end-loaded  cantilever  beam at instant 
maximum  elastic  deflection of end-loaded  cantilever  beam 
failure 
of plastic failure 
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Calculated  values of the  three  deflection  terms on the  right  side of equation (12) re- 
sult  in a maximum  plastic  deflection of 0.010  centimeter (0.004 in. ). Based on the as- 
sumptions that led  to  equation (12), the  disk would  not fail since its maximum  deflection 
is 0.008  centimeter  (0.003  in.).  However, stresses due  to  the  radial  differential  expan- 
sion  and a thermal  gradient of about 555 K (lOOOo R) were  neglected.  Therefore, it ap- 
pears  that a design of this  type would be  marginal at best. 
Design 2. - For this  design  the series lead  functions only as an  electrical  conductor 
since all 13  emitters of the  fuel  element  are  solidly  fastened to each  other by ceramic 
insulator-seals  (fig. 26(b)). A total differential axial expansion of 0.112 centimeter 
(0.044 in. ) for  the  fuel  element is taken  up by a compression  bellows at one  end of the 
fuel  element. An electrical  insulator is installed  between  the  bellows  and  the last emit- 
ter to prevent a short  to  ground.  This  electrical  insulator is also a thermal  insulator 
which  keeps  the  temperature of the  bellows down to  about  the  collector  temperature 
(1400 K) and reduces  temperature  gradients  to  negligible  values. 
The  radial  dimensions of the  bellows are restricted  just as the  dimensions of the 
series  lead  were  in  design 1. However,  the  disk  thickness  can  be  arbitrarily  selected  in 
this case  because it affects only the  number of disks  needed  in  the  bellows. A disk  thick- 
ness of 0.013  centimeter (0.005 in.)  results in a four-disk  tungsten-alloy  bellows  with  an 
outside  diameter of 2.28  centimeters  (0.898  in.) and an inside  diameter of 0.968  centi- 
meter  (0.381  in. ). The  series  lead  for  this  design  consists of three  bundles of fine, 
braided,  tungsten-alloy  wires  spaced 120' apart.  During  thermal  expansions  and con- 
tractions  these  flexible  bundles  should bend  without  undue strain.  
Design 2 was selected  for  the  reference  design  for  the  following  reasons: 
(1) The  reliability of design 1 is questionable  from a s t r e s s  viewpoint. 
(2) Design 1 would be  more  complicated  to  fabricate. 
(3) If one of the  joints of the  series  lead of design 1 were  to  break,  there would be an 
open circuit.  The  series  lead of design 2 not only provides  redundancy,  but  the  braided 
wires   a re  less likely  to fail. Breaking of individual wires would not completely  destroy 
the  lead. 
(4) If circuit zoning is used,  and if the  temperature  differences  between  emitters and 
collectors vary throughout  the  core  due  to  thermal input variations,  equation (2) shows 
that  the  series-lead  dimensions  will  vary  throughout  the  core  also.  The  problems as- 
sociated with  design 1 become  immediately  obvious;  but  the  series  lead of design 2 can 
be  altered as required by merely  adding or removing  wires  from  the  bundles. 
However,  even  design 2 presents  problems  that  require  further  consideratian: 
(1) A method of fabrication  must  be  developed  to  make  the  compression  bellows. 
Possible  methods would include  electron  beam  welding,  high-temperature  brazing, or an 
advanced  one-piece  forming  process. 
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(2) The  interelectrode  gap  may be difficult  to  maintain for the f u l l  core  length . 
(3) Special  jigging  devices  and  assembly  procedures  must be developed  to  permit  the 
assembly of one  diode at a time . This  type of assembly is necessary because the series 
leads must  be  installed  before  the  next  fuel-emitter  piece is welded  into  place . 
(4) More  development  work  must  be  done  on  insulator-seal  materials  because  these 
seals are in  contact  with  the  highest-temperature  pieces  in  the  core . Only a limited 
amount of work  has  been  done  at  this  temperature  level  to  date . The  graded  ceramic - 
refractory-metal  composites  seem  to  be  the  most  promising  method of making  such 
insulator.seals . One such  candidate  that has been  fabricated  and  looks  promising  for 
applications  to 2000' C is a rhenium . 5  percent  yttria  and 95 percent  stabilized  hafnia 
graded  composite (ref . 14) . 
S u m  ma ry of Design Data 
All  pertinent  dimensions  and  other  information on the  reference  design are summa- 
rized as follows: 
Emitter diameter. cm (in.) . . . . . . . . . . . . . . . . . . . . . . . . . .  1.25 (0.49) 
Emitter  length.  cm  (in.) . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.50  (0.98) 
Fuel-element  outside  diameter.  cm  (in.) . . . . . . . . . . . . . . . . .  2.28  (0.898) 
Spacing between diodes. cm (in.): 
Radial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.076  (0.030) 
Axial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.635  (0.25) 
Interelectrode  gap.  cm  (in.) . . . . . . . . . . . . . . . . . . . . . . . .  0.025  (0.010) 
Cladding  thickness.  cm ( in . )  . . . . . . . . . . . . . . . . . . . . . . . .  0.051  (0.020) 
Fuel  thickness.  cm  (in.) . . . . . . . . . . . . . . . . . . . . . . . . . .  0.414  (0.166) 
Emitter  thickness.  cm ( in . )  . . . . . . . . . . . . . . . . . . . . . . . .  0.051  (0.020) 
Collector thickness. cm (in.) . . . . . . . . . . . . . . . . . . . . . . . .  0.090 (0.035) 
Trilayer insulator thickness. cm (in . ) . . . . . . . . . . . . . . . . . . .  0.025 (0.010) 
Coolant-tube wall thickness. cm (in.) . . . . . . . . . . . . . . . . . . .  0.102  (0.040) 
Core  length.  cm ( in . )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45.7  (18.0) 
Core diameter. cm ( in  . ) . . . . . . . . . . . . . . . . . . . . . . . . . . .  40.9 (16.1) 
Number of core  diodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3276 
Number of trielements : 
Zone1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 
Zone2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 
Zone3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24 
Zone4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30 
Number of diodes per fuel element . . . . . . . . . . . . . . . . . . . . . . . . . .  13 
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............ ." 
Coolant flow rate per fuel element, kg/sec (lb/sec) . . . . . . . . . . . .  0.036 (0.079) 
Coolant AT, K('R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55 (100) 
Effective  multiplication  factor,  keff . . . . . . . . . . . . . . . . . . . . . . . . .  1.05 
Reflector  material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Be0  
Reflector  thickness,  cm  (in.) . . . . . . . . . . . . . . . . . . . . . . . . .  10.2 (4.0) 
Core  power  output, kW electric . . . . . . . . . . . . . . . . . . . . . . . . . . .  208 
Reactor  controls . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Reflector  drums 
ELECTRICAL FAILURE PROBLEMS 
Electrical  failures  are of concern not  only  because of the  immediate  loss of power, 
but also  because  they  may  propagate  additional  failures  and  eventually  result in a com- 
plete power loss. For example, the remaining diodes of a circuit containing failed 
diodes  may  be  forced  to  operate  at  higher  than  their  maximum  design  operating  tempera- 
ture  which would cause  them  to fail in turn.  The  effects of open-circuit  and  short-circuit 
failures  are  studied by using a model  circuit  composed of 12  trielements  in  series.  To 
simplify  the  calculations  the  following  assumptions  were  used: 
(1) The  thermal  power input of each  diode in the  circuit is 77 watts  per  square  centi- 
meter .  
(2) The  current  density is constant at  15  amperes  per  square  centimeter. 
(3) Unit emitter  surface area is used;  therefore,  current and current  density  are 
numerically  equal. 
(4) The  load  resistance of the  circuit  does not change  after  the  failure  occurs. 
Open Circuit 
For this  analysis  it  was  assumed  that one  fuel  element of a trielement  develops  an 
open circuit.  Then  there  are 11 normal (nonopen) trielements in se r ies  with the open- 
circuited  trielements, as shown schematically in figure 27. If the  current  through  the 
remaining  fuel  elements of the  open-circuited  trielements is Jo,  the  circuit  current is 
25,. Since  the  trielements  are  in  series,  the  current flow through each fuel element of 
the normal trielements is 2/3 Jo. 
Since there are diodes per fuel element, the voltage EN is given by 
E = 143 vN N 
where  vN is the individual diode voltage in a normal  trielement. 
(13) 
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Figure 27. - Schematic  of  typical  reference-design  circuit  containing 
open-circuited  fuel  element. 
By the  same  reasoning,  the  voltage  across  the open trielement is 
E = 13 v0 0 (14) 
where vo is the individual diode voltage in the open trielement. 
of assumptions 1 and 2.  The  circuit  load  resistance is the  total  prefailure  circuit volt- 
age  divided by the  circuit  current  and its value is 2 . 4 2  ohms. 
A  prefailure  diode  voltage of 0.70 volt is obtained  from  figure 6 (p. 14) with  the  use 
The  voltage  produced  must  equal  the  loop  voltage  drop s o  that  after  the  open-circuit 
failure  occurs 
EN + Eo = 25 R = 4 . 8 4  Jo volts - 
O I  (1 5) 
By using  an  iterative  procedure  and  values  from  figure 6 (p. 14), the  final  operating 
points of the  diodes  in  the  normal  and  the  open-circuited  trielements  can  be  determined. 
An arbi t rary value is assigned to JN which then fixes Jo, since J = 1 .  5 JN. The 
values of vN and vo a r e  obtained a t  the intersection of the Q = 77 watts per square 
centimeter line and proper J-line in figure 6. The voltages EN and Eo a r e  calculated 
from equations (13) and (14). The summation of the voltages is compared with the right 
side of equation (1 5) .  If equation (1 5) is not satisfied, new values of JN and Jo a r e  
chosen,  and  the  process is repeated  until  equation (15) is satisfied. 
0 
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The  result of this  analysis is shown in figure 28. The  circle is the  operating  point 
of all the  diodes  before  failure.  After  the open circuit,  the  diodes in  the  normal triele- 
ments are operating  at  the  power  level  indicated by the  square  while  the  diodes of the 
open-circuited  trielement have fallen  to  the  level  denoted by the  triangle. 
The  voltage of a normal  diode  has  risen  to 0.72 volt  while  the  current  density  has 
dropped to 14.7 amperes  per  square  centimeter.  The  diodes of the  open-circuited 
trielement  are  operating at 0.28 volt  with a current  density of 22.0 amperes  per  square 
centimeter. The circuit power loss in this example is about 4 . 5  percent. 
The  most  important  result of this analysis is the  fact  that  the  temperatures of most 
diodes  in  the  circuit  have  increased  beyond  their  normal  operating  temperature. Con- 
sequently,  to  ensure  long life for  the  reactor  core,  the  normal  maximum  operating  tem- 
perature  may have to be reduced. Since the diode efficiencies would drop, the number 
of diodes  and  the  reactor-core  size would  have to  increase in order to  produce  the  same 
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Figure 28. - Open-clrcuit case with  constant input power of 77 watts per  square centimeter. 
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net  power. An alternate  method of coping  with an open-circuit  failure would be  to  reduce 
the  core  power  when a failure  occurs.  This  method  could  require a rather  elaborate 
control  system  which would have  to  detect  the  failure,  analyze  it,  and  adjust the power 
accordingly. 
Short Circuit 
This  situation is analyzed by the  same  method  used in the  open-circuit  case.  The 
circuit shown schematically in figure 29 has 11 normal  trielements  in  series with a 
trielement  containing  one  short-circuited  diode.  The two normal  fuel  elements of the 
short-circuited  trielement  are  the "atr fuel  elements,  while  the "b" fuel  element  con- 
tains the short-circuited diode. The resistance of the short-circuited diode is neglected. 
In effect then, the a fuel elements contain 13 diodes each while the b fuel element con- 
tains 12 diodes. Since they are in  parallel,  there is an obvious voltage mismatch for this 
trielement. 
The  sum of the current  in  the  short-circuited  trielement  must  equal  the  circuit  cur- 
rent; therefore, 
3JN = 25, + Jb 
Remaining 11 n o r -  
mal trielements 
1 
EN 
Trielement  with 
shorted  diode 
Figure 29. - Schematic of typical  reference-design  circuit   containing  one 
short-circuited diode. ( A l l  diodes are operational in "a" fuel element; 
one  diode  is  short-c i rcui ted  in "b" fuel  element.) 
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The  voltage across  the  short-circuited  trielement is 
E - 13 va = 12 vb S -  (17) 
where va and vb a r e  the individual diode voltages of the a and b fuel elements, re- 
spectively. 
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Figure 30. - Shor t -c i rcu i t  case with  constant  input power of 77 Watts per  square  centimeter. 
45 
As before,  the  voltage  produced  must  equal  the  loop  voltage  drop, o r  
E N + E  s -  35 N R - 7.3 JN 
where EN is obtained from equation (13). 
shown in figure 30. Again, the circle is the normal operating point before failure. The 
square is the operating point of the  b  diodes,  and  the  triangle is the operating point of 
the a diodes  after  failure  occurs.  The  operating point of all the diodes of the normal 
trielements  drops so slightly  that  they  can  be  considered  to  be still operating  at  the  pre- 
failure  operating  point. 
The  same  iterative  procedure  described in the  preceding  section  yields  the  results 
The  power  loss is s o  slight  in  this  case  that it can  be  neglected. Unlike the open- 
circuit  case,  most of the  diodes are actually  operating  cooler after the  failure than  be- 
fore.  It is only the operating  diodes of the  fuel-element  containing  the  short-circuited 
diode  that  experience a temperature rise. The  worst  that  can happen is fo r  an open cir-  
cuit to occur in the b fuel element due to the excessive temperatures. This then be- 
comes  the  open-circuit  case  analyzed in the  preceding  section. 
Open-circuit Temperature Rise 
An additional  problem  associated with an  open-circuit  failure is the  temperature 
r ise  of the diode which experiences the failure. With the loss of electron cooling, the 
remaining  modes of heat  transfer  are  forced  to  dissipate all the  fission  heat  generated  in 
the fuel. The heat-transfer calculations (which are presented in appendix C) only con- 
sider  the two most important modes of heat  transfer: (1) radiation and (2) conduction 
through  the  series  lead. 
criticality  determined  fuel  thicknesses shown in figure 14 (p. 23). It was assumed  that 
the  thermal input  heat  flux  was 77 watts  per  square  centimeter  and  that  the  collector 
temperature  remained  constant at 1400 K. The  calculated  temperatures which a r e  
plotted  against  emitter  diameter in figure 31 indicate  that  an  emitter  diameter of 1 . 3 0  
centimeters  (0.51  in. ) is about  the  largest  diameter  that  can  be  used without a fuel melt- 
down. In high-powered reactors, where criticality is not a problem, larger emitter di- 
ameters  can  be  safely  used  because  the  fuel  volume  can be  reduced. 
It can  be  seen  from  figure  31  that  the  the  tungsten  cladding  reaches a temperature of 
2880 K (5180' R) which is 800 K (1440' R) below its melting  point. Although the  cladding 
does  have  some  structural  strength  at  this  temperature,  there is the  possibility  that  con- 
tact  can be made with adjacent  fuel  elements. If contact is made  with a fuel  element  in a 
Heat-transfer  calculations  were  performed on externally  fueled  diodes  having  the 
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Emitter diameter, cm 
Figure 31. - Open-circuit   temperatures as 
function  of  emitter  diameter  for  reference- 
design  diode  cooled  by  thermal  radiation  and 
by conduction through series lead. Total 
heat  input, 77 watts  per  square  centimeter; 
heat  transferred  by  radiation, 69.3 watts  per 
square  centimeter;  heat  transferred  by  con- 
duct ion  through  ser ies lead, 7.7 watts per 
square  centimeter;  temperature  difference 
through emitter and cladding, 0; collector 
temperature,  constant  at 1400 K. 
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Figure 32. -Comparison of maximum  fuel   and 
emitter  temperatures  of  internal ly  and  ex- 
ternal ly  fueled diodes for  open-circuit  case. 
different  circuit,  some of the  diodes  in  that  fuel  element  can be short  circuited,  resulting 
in  an  additional  power  loss. 
The  same  assumptions  were  applied  to  an  internally  fueled diode in order  to  make a 
comparison of the two types of diodes in an  open-circuit  failure  situation.  The  maximum 
fuel  and  emitter  temperatures  for  the two types of diodes  are  compared on an equal- 
emitter-diameter  basis in figure 32. Although it is impossible  for  the U02 to follow the 
temperature  curve  shown for  the  internally  fueled  diode  (since U02 melts  at 3020 K), 
this  figure  does point out the  difference  between  the two types of diodes.  Even  for  an 
emitter  diameter  less  than 0. 50 centimeter (0.197 in.) ,  the  melting point of U 0 2  would 
be  reached in the  internally  fueled  diode. 
CONCLUSIONS 
The  following  conclusions  can  be  drawn  from  the  preliminary  design  study of a 
200-kilowatt-electric  thermionic  reactor  core  composed of short-length  externally  fueled 
diodes : 
1. The  penalties  resulting  from a nonuniform  radial  power  distribution  can  be  offset 
by electrical zoning at the  expense of electrical  complexity.  Several  radial  zones of 
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fairly  uniform  thermal  power  can  be  established.  Each zone operates  with a diode  cur- 
rent  density  which  corresponds  to  the  maximum  power output  attainable  without  exceeding 
the  maximum  allowable  emitter  temperature. About half the  power  that would be  lost by 
operating all the  diodes at the  same  current  density  can be recovered by  using  four ra- 
dial zones in the  reference  design, 
2. The  length of the  diode  can  be  optimized  to  produce  the  maximum  net  power  per 
unit volume of reactor  core.  For the reference-design conditions this length is about 
2.0  centimeters (0.79 in.)  for a range of emitter  diameters of 0, 5  to  2.5  centimeters 
(0.2 to 1.0 in. ). The  length  optimization  can  be  made  with good reliability by ignoring 
the  fuel  volume. 
3. The  emitter  diameter  should be  made as small  as pumping  power  and  practical 
problems in manufacturing and assembly allow. This diameter results in the smallest 
reactor  core  for any given power level. Also, the reactor size penalty incurred by using 
larger  emitter  diameters is more  severe  for a high-powered reactor than i t  is for  a cr i t -  
icality  limited  reactor. 
4. The  radial  spacing  between  fuel  elements  and  the axial spacing  between  diodes 
should  be  made as small  as manufacturing  and  assembly  considerations  permit in order 
to  obtain  the  smallest  possible  reactor  core. 
5. Increasing the collector thickness decreases the I R losses  and increases the 2 
power per  unit cell  volume.  Coolant  pressure  drop  and  overall  system  weight  determine 
how great  the  thickness  should  be  for  any  given  emitter  size. 
6.  When an  electrical  conductor is in parallel  with a diode  electrode,  the conven- 
tional  electric  circuit  analysis  for  parallel  conductors  yields too low a value  for  the  com- 
bined I R loss. This result occurs because the current varies along the diode length 
while the current through the parallel conductor is constant. In the  reference  design, 
with  the  same  material  and  cross-sectional  areas  for  the  emitter  and  fuel  cladding,  the 
combined I R loss is calculated to be 28 percent higher than the conventional analysis 
indicates. 
2 
2 
7. A  limited  number of short-circuit  electrical  failures  result  in  negligible pen- 
alties.  Open-circuit  failures  are  more  serious  and  require  either  reduced  normal op- 
erating  temperatures  and  larger  reactor  sizes  or  reduced  postfailure power  levels. 
8. Externally  fueled  diodes  operate  with  lower fuel temperatures when open circuted 
than do internally  fueled  diodes.  The  reason is that  the  externally  fueled  diode  has  more 
radiative  heat-transfer  area  and  an  additional  heat  sink  in its neighboring  diodes. To 
avoid  fuel  melting in the  reference  design,  the  emitter  diameter cannot  exceed 1 . 3 0  cen- 
t imeters  (0.51 in. ). 
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9. Provision for differential axial expansion  and  sealing  the  cesium  interelectrode 
space  from  the  fission-gas vent space  are  difficult  and  interrelated  problems. Both re- 
quire  more  thorough  analyses,  high-temperature  materials  development,  and  extensive 
testing . 
Lewis  Research  Center, 
National  Aeronautics  and  Space  Administration, 
Cleveland, Ohio, May 15, 1968, 
120-27-05-20-22. 
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APPENDIX A 
SYMBOLS 
A 
a 
cP 
D 
E 
F 
FV 
f 
g 
I 
i 
J 
surface area, cm 
cross-sectional area, cm 
specific heat, J/(kg)(K) 
diameter, cm 
voltage, V 
2 
2 
2 
3(1 - P )  + 1 - 3 p  + 3 p  2 
aW 
ae 
-
fuel  volume  fraction 
friction  factor 
acceleration due  to gravity, 
cm/sec 2 
maximum diode current, A 
variable current, A 
current  density,  A/cm 2 
E e 'C 
" ' 1  
EW 
k 
keff 
L 
M 
N 
50 
thermal  conductivity, 
J/(cm)(sec)(K) 
effective  multiplication  factor 
length, cm 
fraction of emitter  length,  cm 
number of core  diodes 
NRe Reynolds  number 
n  umber of diodes  in fuel 
element 
P electrical  power, W 
P average  electrical  power, W 
pL 
P  pressure,  N/cm 
Q thermal  power  per unit a rea ,  
Q average  thermal  power  per 
unit a rea ,  W/cm 
- 
electrical  power  loss, W 
2 
W/cm 2 
- 
2 
Qv volumetric  heat-generation 
rate, W/cm 3 
q thermal  power, W 
R electrical  resistance, 52 
S spacing  between  diodes or  fuel 
elements, cm 
T temperature, K 
t wall thickness, cm 
V volume,  c  
V diode  voltage, V 
W mass  flow rate,  kg/sec 
3 
3 f- 
e P 
a 
2aW 
ae 
3 +- 
6 maximum elastic deflection, cm 
6' maximum  deflection at in- 
stant of plastic  failure,  cm 
i2 emissivity 
rl electrode  efficiency 
0 Stephan-  Boltzmann  constant, 
W ( c m  )(K ) 2 4  
P electrical  resistivity,  Q/cm 
P' density , kg/ cm 
I.1 viscosity,  kg/(sec)(cm) 
3 
Subscripts: 
a normal  fuel  element of short- 
circuited  trielement 
B end-loaded  cantilever  b am 
b  fuel  element  containing  short- 
3 circuited  diode 
C collector 
D conical  disk  with  central  hole 
d  diode
e emitter 
f fuel 
G gross  
1 
m 
max 
N 
0 
r 
rad 
S 
S 
tot 
W 
X 
1 
2 
3 
series  lead 
imaginary  plane  through  fuel 
maximum 
normal 
open  circuit 
radial 
by  radiation 
short  circuit 
Sink 
total 
fuel  cladding 
axial 
inside  surface of coolant  tube 
outside  surface of coolant  tube 
outside  surface of electrical 
insulation 
outside  surface of collector 
inside  surface of emitter 
outside  surface of emitter 
outside  surface of fuel 
outside  surface of cladding 
g  cesium  gap 
L electrical  load 
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APPENDIX B 
OHMIC  LOSSES IN ELECTRODES 
In a circuit  composed of a diode  and a load,  the  current  enters  the  emitter at its 
maximum value. As electrons  are  driven  from  the  emitter  surface,  the  current dimin- 
ishes  until it becomes  zero at the end of the  emitter. If it is assumed  that  the  current 
density  across  the  interelectrode  gap is uniform,  the  current  variation with emitter 
length is linear, as shown in figure 33. The power loss through the emitter is 
i 
t 
0 
Figure 33. - Assumed current variation 
along emitter  length. 
The  effective  resistance is one-third  the  resistance of the  normal  electrical  problem 
where  the  current  remains  constant  throughout  the  length of the  conductor. 
Since  the  current in the  collector builds up from  zero  to a maximum  value as it 
leaves  the  collector,  the  power loss equation is of the  same  form as equation (Bl) or  
12p,Le 
'L,C = 
3ac 
The  total  loss  for both electrodes  then is the  summation  of'the two losses or 
2 
I Le  Pe  Pc 
PL,tot  = y -  - +- 
('e ac) 
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But I = JAe = JnDeLe, so equation (B3) becomes 
J 2 2  AeLe [I E:) 
pL,  tot = - + -  
o r  
2 2  
P L ,  tot - nDeJ  Le 
3  \ae  ac) 
Equation (B4) is the  same as the  approximate  equation  derived  in  reference 5 by a 
different  method. 
When an  additional  electrical  conductor is in  parallel with  one of the  electrodes, as in 
the  reference  design,  the two electrodes  cannot  be  treated as normal  parallel  resistances 
because  the  current  varies  along  the  emitter  length but is constant  through  the  cladding. 
through  the  emitter  and  cladding.  The  current  entering  the  emitter  from  the  series  lead 
has a maximum value of Ie which diminishes to zero somewhere along the emitter 
length. The current entering the cladding has a value of which is constant along the 
cladding length since the ceramic U02 is treated as a perfect electrical insulator. The 
current enters the emitter from below and diminishes to zero at the same point that 
Ie became zero. The problem then is to solve for L, Ie, and the power loss through 
i In figure 34 it is shown that the current I entering the emitter-fuel piece branches off 
-Collector 
CD-9921-22 
Figure 34. - Current paths through fuel-emitter piece. 
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bp- M -&L "4 e 
0 
Figure 35. - Assumed  current  variat ion  along  emitter when 
cladding is in parallel with emitter. 
these two conductors. Again, with the assumption of a uniform current density J, the 
current  varies  linearly  through  the  emitter, as shown in figure 35. The assumption of a 
uniform J means  that  the  absolute  values of the  slopes of the  current  curves of figure 35 
must be equal. That is, 
M Le" 
o r  
M = ( Ie )Le 
'e +L 
Since  the  sums of the  currents in the  parallel  branches  must  equal  the  total  current, 
I = L + I e  (B6) 
In parallel  circuits  the  voltage  drops in each  branch  must  be  equal.  Therefore, 
For the  special  case  where pw = pe, equation (B7) becomes 
54 
where 
aw 
2aw 
3 +- 
3ae + a~ 
3ae + 2% P =  
-  
3 +- 
a, 
Substituting  equation  (B8)  into  equation  (B5)  gives 
M = pLe 
and combining equations (B9), (B6), and (B5) gives 
Now, the  total  power loss for  the  cladding-emitter  piece is 
Substituting equations (B8), (B9), and (B10) into equation (B11) gives 
"e 1 
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where 
3(1 - p)2 + 1 - 3p + 3p 2 F =  
Then,  the  total  loss  for  emitter,  fuel  cladding,  and  collector  for  the  special  case 
(Pw = Pel is 
Area ratio, a,/ae 
F igure 36. -Var ia t ion of geometry factor F w i th  ratio of 
cladding to cross-sectional  areas. 
The  difference  between  using  equation (B12) and  treating  the  cladding and emitter as 
parallel  conductors in the  conventional  sense  can  be  illustrated  with  this  example  prob- 
lem. Let the power loss for  the normal parallel conductor case be PE,e. Further- 
more, assume that a = aw. Then, from figure 36 (where F is plotted against aw/ae), 
F = 0.64. From equation (B1) 
e 
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Then, 
Thus,  the  power loss is 28 percent  higher  for  this  particular  case than the  normal 
parallel  circuit  analysis would  indicate. 
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APPENDIX C 
OPEN-CIRCUIT HEAT-TRANSFER ANALYSES 
When a diode  experiences  an  open  circuit, its temperature  level rises due  to  the  loss 
of .electron  cooling  which is a very  effective  mode of heat  transfer. In the  heat-transfer 
analyses  presented  herein it is assumed  that all the  heat  generated  in  the  nuclear fuel  is 
transferred by thermal  radiation  and  thermal  heat  conduction  through  the  series  lead. 
Calculations are  performed on  externally  fueled  and  internally  fueled  diodes by using  the 
following assumptions : 
(1) The  thermal input  heat f l u x  is 77 watts  per  square  centimeter. 
(2) The  collector  temperature  remains  constant at 1400 K. 
(3) The  temperature  differences  through  the  emitter  and  the  fuel  cladding  are  ne- 
glected. 
(4) Axial temperature  gradients  are  neglected. 
(5) The  fuel  thicknesses shown  in  figure  14 (p. 23) are used for the  externally  fueled 
diode calculations. 
Two heat-transfer  equations  from  reference 8 a r e  used in the  calculations  for  the 
externally  fueled  diodes.  The first gives  the  temperature  difference between the  outside 
and  inside  surfaces of a cylindrical  shell  with  internal  heat  generation,  cooled  from  the 
inner  surface: 
r 1 
The  second  gives  the  temperature  difference  between  the  inside  and  outside  surfaces 
of a cylindrical  shell with internal  heat  generation,  cooled  from  the 
I- 1 
Tm - T  w = - % ~ ~ - D ~ [ + 2 l n ~ ]  16 kf 
outer  surface: 
(C2) 
Equations  (Cl)  and (C2) a r e  applied to the  externally  fueled  diode by using  the  heat- 
transfer  model shown in figure 37. It is assumed that a cylindrical  plane of zero  thick- 
ness  and unknown diameter Dm passes through the fuel  of the diode. All the heat gen- 
erated on the  inside of Dm is transferred  to  the  emitter  and  the  rest of the  heat is 
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Collector \ 
\ 
\ 
Temperature 
profile -,, 
\ 
\ . 
I 
Open-circuited diode Neighbor diode 
Figure 37. - Model used in  heat-transfer  analysis of open-circuited  externally  fueled diode. 
transferred  to  the  cladding. Since there are four unknowns and only two equations,  more 
equations are required.  The  total  heat  to  be  removed by radiation is 
where  the  heat  transferred by radiation  to  the  collector is 
OAe 
91 = 
- + - - 1  1  (T: - T:) 
€ E  e c  
and  the  heat  transferred to the  neighbor  diodes is 
" - 1  
€W 
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I. 
Two more  equations  are  obtained by assuming  the  volumetric  heat-generation rate is 
uniform  throughout  the  fuel. 
and 
Combining  equations (C3) to (C7) and  eliminating unknowns yield 
1/4 {z[Q -.I($ - T:)]  +T:} - Te +- QDe 
K2D7 kf 
where 
L -  2 le) 
E, - 
K1 = (T 
- 1 1 1  f- - 
E e 'C 
K -- 0 
2 - 2  
" 
E 
W 
-  K1 De  In - - D7 ('I?: - T:) 
kf D6 
The  Q  term  in  equation (C8) is that amount of the  input  heat  flux which is dissipated 
by radiation.  The  worst  case  occurs when the  total  input  heat f l u x  is 77 watts  per  square 
centimeter.  This  value is reduced by the  amount of heat  conducted  from  the  emitter  to 
the  collector by the  series  lead, which is 
60 
qz = (Te - Tc> 
. For an optimum series lead, equation (C9) becomes 
L 
As Te increases, qz also increases and the Q term of equation (C8) decreases. 
However, the simplifying and conservative assumption of constant q I is used. That is, 
the design temperatures for Te and Tc are used to give 
Then,  the  amount of heat transferred by radiation  becomes 
= 77.0 A, - 7 .7  A, 
= 69.3 A, 
So the value of Q used in equation (C8) is 69.3 watts per square centimeter. Equa- 
tion (C8) is solved iteratively to yield Te for a given value of De, and then equa- 
tions (C1) t o  (C7) are  used  to  obtain  the  remaining unknowns. 
straightforward. The difference  between  centerline  and  emitter  temperature is given by 
The  solution of the  open-circuit  temperature case for  an  internally  fueled  diode is 
- T  =-  &v Df" 
Tmax e 16 kf 
where 
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which  when  substituted  into  equation (C11) gives 
The  equation  for  radiation  from  the  emitter  to  the  collector is the  same as equa- 
tion (C4) or  
then 
qrad -= Q = K1 (Te - T:) 
*e 
But Te,  the only unknown in equation (C13), is obtained  directly  to  give 
Te = 2860 K (for all De) 
Now equation (C11) can  be  solved  directly  for Tmz. 
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